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Abstract Brazil is the largest producer and consumer of
common bean (Phaseolus vulgaris L.), which is the most
important source of human dietary protein in that country.
This study assessed the genetic diversity and the structure
of a sample of 279 geo-referenced common bean landraces
from Brazil, using molecular markers. Sixty-seven micro-
satellite markers spread over the 11 linkage groups of the
common bean genome, as well as Phaseolin,  PvTFL1y,
APA and four SCAR markers were used. As expected, the
sample showed lower genetic diversity compared to the
diversity in the primary center of diversiWcation. Andean
and Mesoamerican gene pools were both present but the
latter gene pool was four times more frequent than the
former. The two gene pools could be clearly distinguished;
limited admixture was observed between these groups. The
Mesoamerican group consisted of two sub-populations,
with a high level of admixture between them leading to a
large proportion of stabilized hybrids not observed in the
centers of domestication. Thus, Brazil can be considered a
secondary center of diversiWcation of common bean. A high
degree of genome-wide multilocus associations even
among unlinked loci was observed, conWrming the high
level of structure in the sample and suggesting that associa-
tion mapping should be conducted in separate Andean and
Mesoamerican Brazilian samples.
Introduction
Common bean (Phaseolus vulgaris L.) is the most impor-
tant source of protein in the Brazilian diet. In combination
with rice, the crop makes up the basic daily meal for most
Brazilians throughout the country. Brazil has ranked, over
the last decades, as the largest producer of common bean in
the world and also as the main consumer (Yokoyama and
Stone 2000). Although Brazil is not the primary center of
diversity of common bean, it is expected that a large diver-
sity of the domesticated gene pool is represented in Brazil,
considering the history of the crop’s cultivation in the coun-
try. Common bean was cultivated by Brazilian native popu-
lations before the European conquest, based on historical
reports (Hoehne 1937) and archeological data (Freitas
2006). The process of assimilation of common bean culti-
vation into the new culture—the one resulting after the
European conquest—has not been studied extensively.
However, it is recognized that the cultivation of the crop
became very popular in most of the regions within the
country, in a diversity of environments, and predominantly
in smallholder-farmer systems (Vieira 1988; Borém and
Carneiro 1998). Vieira (1972) reported there were several
hundreds of common bean landraces that were cultivated in
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Brazil in this period, emphasizing the importance of such
reservoir (predominantly, landraces) as sources of resis-
tance to diseases. Common bean cropping systems are until
now also very diverse in Brazil (e.g., single crop vs. in
association; diVerent levels of inputs, etc.) (Vieira 1988;
Borém and Carneiro 1998).
Common bean is a diploid (2n =2 x = 22) and predomi-
nantly selWng species, with average outcrossing rates esti-
mated at under 3% (Ramalho and Abreu 2006) although
occasionally higher values are obtained (Ibarra-Pérez et al.
1997). The species has been domesticated independently in
Mesoamerica and the southern Andes, based on several
kinds of data [distribution of wild populations, archeologi-
cal remains, historical texts, and evolutionary studies based
on several types of molecular markers, including phaseolin
(the major seed protein in P. vulgaris] (reviewed in Gepts
1998; Gepts et al. 2008; McClean et al. 2008; Kwak et al.
2009). This species occurs in its wild form in diVerent
countries of Latin America, from the northern region of
Mexico up to Northeastern Argentina, but not in Brazil
(Debouck 1986). As a result of this bi-centric process of
domestication, the domesticated common bean presents
two distinct major gene pools, an Andean and a Mesoamer-
ican one (Gepts 1998; Gepts et al. 2008). The distinction
between those two gene pools is usually very clear in com-
mon bean collections, either by diVerent kinds of molecular
data (Gepts 1988; Koenig and Gepts 1989; Emydgio et al.
2003; Pallottini et al. 2004) or by morphological characters
(Singh et al. 1991). These two gene pools are also separated
by partial reproductive isolation, both in wild and domesti-
cated populations (Gepts and Bliss 1985; Koinange and
Gepts  1992), which leads to hybrid weakness in the F1
(Gepts and Bliss 1985) and later generations (Singh and
Molina 1996).
The Wrst attempts to study the organization of diversity
of Brazilian common bean landraces used electrophoretic
types of phaseolin seed protein (Gepts et al. 1988; Pereira
and Souza 1992). These studies showed that the majority of
market classes among domesticated beans had an ‘S’ type,
characteristic of the Mesoamerican gene pool, while other
classes showed the ‘T’ type, characteristic of the Andean
gene pool. Later on, other studies assessed the genetic
diversity of common bean landraces from the Southern
region of Brazil with RAPD (Maciel et al. 2001) and AFLP
markers (Maciel et al. 2003). The studies of Maciel et al.
(2001,  2003) conWrmed the overall distinction between
Andean and Mesoamerican accessions of domesticated
P. vulgaris in Brazilian samples. However, the distinction
between the two major gene pools was not as clear in the
study of Maciel et al. (2003), in which some of the land-
races showed a ‘T’ phaseolin type but clustered in the
Mesoamerican group, suggesting some admixture between
these gene pools. Maciel et al. (2003) also identiWed a
larger diversity within the landraces stratum than within the
commercial cultivar group, emphasizing the importance of
the landraces as sources of genetic variation for common
bean in Brazil. Fonseca and da Silva (1977) and Chiorato
et al. (2006) assessed the diversity of Brazilian common
bean landraces using morphological descriptors.
Multilocus associations (MAs) are an important aspect
of the organization of genetic diversity within and among
genomes, particularly in highly structured populations,
such as in common bean (Kwak and Gepts 2009; Rossi
et al.  2009). Understanding the nature of MA within a
genome is a pre-requisite for the identiWcation of associa-
tions between genome polymorphisms and qualitative or
quantitative traits, such as in association analysis methods
(Flint-Garcia et al. 2003). Kwak and Gepts (2009) per-
formed a genome-wide MA analysis in common bean and
identiWed a high percentage of loci in MA when the whole
sample (including both Andean and Mesoamerican gene
pools) was analyzed, while a reduction in MA was
observed by analyzing separate gene pools.
There is a need for a more comprehensive analysis of
genetic diversity and population structure in Brazilian
P. vulgaris based on a larger sample representative of the
major bean growing areas of the crop and a genome-wide
sample of markers. This aspect is particularly important for
the landrace group, which could be an important reservoir
of genetic diversity and rusticity, considering the history of
this crop in Brazil. Moreover, the availability of a large
number of microsatellite markers developed and mapped
for the species (Yu et al. 2000; Gaitán-Solís et al. 2002;
Blair et al. 2003; Grisi et al. 2007), in addition to the avail-
ability of new statistical tools that can improve the popula-
tion genetic analysis with the visualization of admixture
processes (Pritchard et al. 2000) and MA analysis, facili-
tates a more complete study of the genetic diversity of the
domesticated pool of P. vulgaris in Brazil.
Materials and methods
Sampling of the bean collection
Common bean (P. vulgaris L.) landraces accessions used in
this study were obtained from the Common Bean Gene
Bank at the Empresa Brasileira de Pesquisa Agropecuária
(EMBRAPA) Arroz e Feijão. Based on passport data, one
randomly chosen accession per Brazilian municipality was
included in the study sample to maximize the geographic
representation of the sample. The preliminary list of acces-
sions in the study sample was reviewed by one of us, Jaime
Fonseca, as the former EMBRAPA germplasm explorer, to
verify that all the selected accessions were landraces, to
replace accessions considered as mixtures, and to ascertainTheor Appl Genet (2010) 121:801–813 803
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that the most important landraces within each region were
represented in the study sample. Thus, a total of 279 land-
races accessions of common bean were included (Supple-
mentary Table 1; Fig. 1). As standard genotypes, two other
accessions of common bean were also included: BAT93 as
a breeding line typical of the Mesoamerican gene pool, and
Jalo EEP553 as a representative Andean cultivar (and, fur-
thermore, a cultivar in Brazil; Voysest 1983). The
BAT93 £ Jalo EEP558 recombinant inbred population is
the core mapping populations in P. vulgaris (Freyre et al.
1998; Gepts et al. 2008). This sample did not include wild
P. vulgaris as wild beans are absent in Brazil (Freytag and
Debouck 2002).
For DNA extraction, small, young leaves were collected
from one plant per accession, around 30 days after planting,
and immediately placed on ice, followed by storage at
¡80°C. Genomic DNA was extracted following the cetyl
trimethyl-ammonium bromide (CTAB) procedure
described by Doyle and Doyle (1987).
Marker analyses
Sixty-seven microsatellite markers (distributed over all 11
linkage groups of the P. vulgaris gene map) were used here
(Yu et al. 2000; Gaitán-Solís et al. 2002; Blair et al. 2003;
Grisi et al. 2007; Table 1). Microsatellite analysis was con-
ducted as described by Kwak et al. (2009), including an
economic method of Xuorescent labeling of microsatellite
fragments ampliWed by PCR (Schuelke 2000).
The following P. vulgaris SCAR markers were used in
this study. Markers SW13 and ROC11 map to linkage
groups 2 and 6, respectively, and are linked to the I and bc-3
genes, respectively, both genes conferring resistance to
Bean Common Mosaic Virus and Bean Common Mosaic
Necrosis Virus (Melotto et al. 1996; Johnson et al. 1997).
Markers SB12 and SF10 tag the Co-9 and Co-10 genes
(linkage group 4), which confer resistance to anthracnose
(Mendez de Vigo et al. 2002; Corrêa et al. 2000). Primers
for each SCAR marker were obtained from http://
www.css.msu.edu/bic/PDF/SCAR_Markers_2009.pdf. The
respective PCRs were conducted as described in the origi-
nal articles describing the SCAR markers. PCR products
were loaded on a vertical, non-denaturing polyacrylamide
gel electrophoresis system: MEGA-GEL High Throughput
Vertical Unit model C-DASG-400-50, CBS ScientiWc Co.
Gels consisted of 6% (w/v) of acrylamide/bis-acrylamide
(19:1), 0.5£ TBE buVer, 0.07% (w/v) ammonium persul-
fate, and 0.08% (w/v) TEMED. PCR products were run
for 2 h at 350 V. The DNA marker ladder was All-Purpose
Hi-Lo™ DNA marker (Bionexus).
To evaluate the phaseolin type in each accession, a PCR
assay was used that had been designed speciWcally to
amplify a region surrounding the 15-bp tandem direct
repeat of the phaseolin gene family (Kami et al. 1995).
Polymerase chain reaction conditions and primers are
described in Kami et al. (1995). PCR products were loaded
in a vertical polyacrylamide gel electrophoresis system and
r a n  f o r  2h  a t  3 5 0V .
To genotype the accessions for the PvTFL1y gene, a can-
didate gene for the determinacy trait in P. vulgaris (Kwak
et al. 2008), the primers TFL1y-1a and TFL1y-F4 and PCR
conditions developed by Kwak et al. (2008) were used.
PCR products were run in 1.5% agarose electrophoresis for
1 h and 40 min, at 117 V.
The APA (Arcelin–phytohemagglutinin–-amylase inhib-
itor) locus encodes a multigene family of seed proteins in
common bean and is associated with resistance to bruchid
insects in this crop. To genotype the accessions for the poly-
morphism related to this locus, primers designed to amplify
fragments ranging from 750 to 900 bp (including the diVer-
ent members of the multi-gene family) (Kami et al. 2006)
were used. Polymerase chain reactions contained reagents in
the same concentrations as used for SCAR markers; PCR
cycles were: 3 min at 94°C; 35 cycles of 30 s at 94°C, 30 s at
50°C and 1 min at 72°C; Wnal extension time of 5 min at
72°C. PCR products were loaded in a vertical polyacryl-
amide gel electrophoresis system and ran for 2 h at 350 V.
Data analyses
The raw marker data are included in Supplementary
Table 2. Major allele frequency, allele number, gene diver-
Fig. 1 Collecting sites of common bean landraces in Brazil804 Theor Appl Genet (2010) 121:801–813
123
Table 1 Genetic and mapping information for microsatellites and other markers used in this study
Marker Linkage 
group
Relative position 
within linkage 
group (cM)
Referencea Type SSR sequence No. of 
alleles
Gene 
diversity
Ho PIC
BMd45 1 0 1 Gene-based (AG)5 5 0.43 0 0.34
PVag003 1 146 4 Gene-based (AG)8 3 0.54 0 0.43
BMd10 1 152 1 Gene-based (GA)8 5 0.55 0.012 0.46
PVBR139 1 174 3 Genomic (AG)7 2 0.21 0.004 0.18
BM157 1 NA 2 Genomic (GA)16 5 0.35 0 0.33
BM146 1 NA 2 Genomic (CTGTTG)4(CTG)4
(TTG)3(CTG)3(CTG)4
4 0.17 0 0.15
PvTFL1y 1 NA 5 Not applicable 2 0.23 0 0.21
BM156 2 0 2 Genomic (CT)32 8 0.43 0.004 0.41
PVBR243 2 14 3 Genomic (CT)20 4 0.42 0 0.37
GATS91 2 21 2 Genomic (GA)17 16 0.85 0.004 0.83
PVgccacc001 2 37 4 Gene-based (GCCACC)5 3 0.64 0 0.56
BM143 2 53 2 Genomic (GA)35 14 0.81 0.019 0.79
BM139 2 101 2 Genomic (CT)25 8 0.38 0 0.36
PVBR106 2 NA 3 Genomic (CTT)2(CT)5 5 0.35 0 0.3
PVBR125 2 NA 3 Genomic (GA)6A(GA)3 4 0.55 0.007 0.49
SW13 2 NA 6 Not applicable 2 0.45 0 0.35
AG1 3 0 2 Genomic (GA)8GGTA(GA)5
GGGGACG(AG)4
3 0.09 0.004 0.09
BMd1 3 8 1 Gene-based (AT)9 6 0.62 0 0.56
PVat008 3 8 4 Gene-based (AT)9 12 0.71 0 0.67
BM159 3 41 2 Genomic (CT)9(CA)8 5 0.42 0 0.38
BMd36 3 72 1 Genomic (TA)8 7 0.74 0.011 0.7
BM172 3 96 2 Genomic (GA)23 8 0.37 0 0.35
PVBR131 3 NA 3 Genomic (TGA)5 3 0.47 0.004 0.39
PVBR87 3 NA 3 Genomic (GA)16 11 0.76 0.004 0.73
PVctt001 4 0 4 Gene-based (CTT)3(T)3(CTT)6 6 0.7 0.011 0.64
PVat001 4 23 4 Gene-based (TA)22 37 0.96 0.008 0.96
PVat003 4 49 4 Gene-based (AT)6 4 0.43 0 0.34
BMd26 4 82 1 Gene-based (GAT)6 6 0.38 0.022 0.32
PVatgc002 4 133 4 Gene-based (ATGC)4 5 0.58 0 0.54
PVatct001 4 NA 4 Gene-based (ATCT)3 10 00
PVBR112 4 NA 3 Genomic (TC)13 40 . 4 00 . 3 6
PVBR182 4 NA 3 Genomic (AG)12 6 0.44 0.007 0.38
SB12 4 NA 7 Not applicable 2 0.47 0 0.36
SF10 4 NA 8 Not applicable 2 0.4 0 0.32
APA 4 NA 9 Not applicable 2 0.31 0 0.26
BMd53 5 0 1 Gene-based (GTA)5 5 0.36 0.004 0.31
BM175 5 42 2 Genomic (AT)5(GA)19 8 0.41 0.004 0.38
BMd20 5 72 1 Gene-based (TA)5 4 0.51 0.018 0.46
BMd28a 5 94 1 Gene-based (GT)4 2 0.15 0 0.14
BMd28b NA 4 0.53 0.009 0.43
BMd12 6 0 1 Genomic (AGC)7 6 0.16 0.046 0.16
PVBR163 6 16 3 Genomic (AG)16 15 0.84 0.009 0.82
PVBR198 6 29 3 Genomic (AG)10 4 0.5 0.008 0.47
ROC11 6 NA 10 Not applicable 2 0.36 0 0.3Theor Appl Genet (2010) 121:801–813 805
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sity (or expected heterozygosity) and observed heterozy-
gosity were calculated according to Weir (1996), while
polymorphism information content (PIC) followed Botstein
et al. (1980). The above-mentioned parameters were calcu-
lated using Powermarker 3.25 software (Liu and Muse
2005).
To evaluate genome-wide multi-locus associations, the
microsatellite data were transformed to haplotype data after
the heterozygote genotype was treated as missing. The
Tassel software (http://www.maizegenetics.net/tassel) was
used to calculate the weighted average of the linkage dis-
equilibrium coeYcients  D (standardized disequilibrium
coeYcient) and r2 (correlation between alleles at two loci),
according to Farnir et al. (2000). Analyses were conducted
for the entire plant sample and within the Andean and
Mesoamerican samples. To assess whether MA existed pri-
marily among linked markers within linkage groups, a sub-
set of 48 microsatellite markers with known map positions
Table 1 continued
PIC polymorphism information content, NA not available
a 1, Blair et al. (2003); 2, Gaitán-Solís et al. (2002); 3, Grisi et al. (2007); 4 Yu et al. (2000); 5, Kwak et al. (2009); 6, Melotto et al. (1996); 7,
Mendez de Vigo et al. (2002); 8, Corrêa et al. (2000); 9, Kami et al. (2006); 10, Johnson et al. (1997); 11, Kami et al. (1995)
Marker Linkage 
group
Relative position 
within linkage 
group (cM)
Referencea Type SSR sequence No. of 
alleles
Gene 
diversity
Ho PIC
BM160 7 0 2 Genomic (GA)15(GAA)5 7 0.4 0 0.37
BM201 7 76 2 Genomic (GA)15 6 0.75 0.018 0.71
BM210 7 80 2 Genomic (CT)15 13 0.75 0.012 0.71
BMd40 7 90 1 Genomic (AT)6 7 0.6 0.004 0.55
BM209 7 157 2 Genomic (TA)4(TG)16 5 0.6 0 0.52
PVBR35 7 NA 3 Genomic (TC)10 8 0.54 0.018 0.51
PVatcc001 7 NA 4 Gene-based (ATCC)3(AG)2(TAC)3 5 0.34 0.004 0.3
PVatcc002 7 NA 4 Gene-based (ATCC)3(AG)2(TAC)3T(CTA)3 4 0.13 0.004 0.13
PVatcc003 7 NA 4 Gene-based (ATCC)3 2 0.01 0 0.01
Phaseolin 7 NA 11 Not applicable 2 0.33 0 0.28
BMd25 8 0 1 Gene-based (GAT)6 2 0.26 0.004 0.22
BM189 8 44 2 Genomic (CT)13 11 0.81 0.019 0.78
BM151 8 84 2 Genomic (CT)14 6 0.67 0.015 0.62
PVBR173 8 NA 3 Genomic (GA)21 10 00
PVBR83 8 NA 3 Genomic (GA)9 5 0.47 0 0.37
BM188 9 0 2 Genomic (CA)18(TA)7 2 0.4 0 0.32
BM141 9 66 2 Genomic (GA)29 13 0.68 0.011 0.64
BM114 9 103 2 Genomic (TA)8(GT)10 16 0.8 0.008 0.77
PVat007 9 NA 4 Gene-based (AT)12 14 0.87 0.02 0.85
PVBR60 9 NA 3 Genomic (CT)9 10 0.64 0 0.59
GATS11B 10 0 2 Genomic (CT)8 6 0.46 0.007 0.42
BMd42 10 30 1 Genomic (AT)5 7 0.67 0.014 0.62
PVBR181 10 NA 3 Genomic (AG)11 5 0.4 0.004 0.36
PVBR185 10 NA 3 Genomic (TC)11 5 0.57 0 0.53
BM212 10 NA 2 Genomic (CA)13 3 0.32 0 0.28
BMd22 11 0 1 Gene-based (TC)6 5 0.55 0.008 0.46
BMd33 11 7 1 Genomic (ATT)9 3 0.34 0 0.28
BMd41 11 11 1 Genomic (ATT)9 6 0.37 0.008 0.34
BM205b 11 53 2 Genomic (GT)11 5 0.43 0.011 0.39
PVag001 11 108 4 Gene-based (GA)11 4 0.33 0 0.28
PVBR215 11 NA 3 Genomic (CT)6 2 0.28 0 0.24
Mean 6 0.46 0.005 0.42806 Theor Appl Genet (2010) 121:801–813
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(Table 1; Blair et al. 2003, Grisi et al. 2007) were also ana-
lyzed with Tassel. For estimation of experiment-wise P val-
ues for linkage disequilibrium tests, 1,000 permutations
were conducted as implemented in Tassel (Weir 1996).
The Structure 2.1 software (Pritchard et al. 2000) was
used to deWne the population structure and to assign indi-
viduals to populations. The program was run with a preset
number of populations (K) ranging from 1 to 10. Twenty
independent simulations were performed for each K, using
the admixture model, correlated allele frequencies, a run-
ning length of 5,000 burn-in and 50,000 Markov chain
Monte Carlo (MCMC) repetitions. Results from simula-
tions with the highest likelihood within each number of
diVerent K simulations were chosen to assign accessions to
populations. Accessions with population membership
coeYcient of less than 0.8 were identiWed as potential
hybrids. A Structure graphical bar plot of membership
coeYcients was generated using the Distruct program
(Rosenberg 2004). To identify the number of populations
that best reXects the structure in the study sample, the fol-
lowing parameters were calculated using an R-script
(Structure-Sum) available at http://www.nhm.uio.no/ncb:
the likelihoods (posterior probabilities) of simulations for
each preset K; the standard deviations of likelihoods; Delta
K (Evanno et al. 2005); and the average similarity coeY-
cients for diVerent simulations within each preset K (Nord-
borg et al. (2005). A Wilcoxon two-sample test was used to
compare the mean likelihoods of each preset K. The poster-
ior membership coeYcients obtained with Structure for
K = 3 are listed in Supplementary Table 3. A neighbor-join-
ing tree was reconstructed based on C.S. Chord distance
(Cavalli-Sforza and Edwards 1967), using PowerMarker.
Results
Polymorphism and diversity: microsatellites
Of 80 microsatellite markers tested in this study, 67 pro-
duced reliable results when applied to the whole study sam-
ple. The reliability of microsatellite markers was based on
the presence of peaks of expected size and with consistent
shapes over the whole study sample. All the microsatellite
markers used produced a single, clear peak of the expected
size for each sample, except marker BMd28, which pro-
duced two clear peaks of the expected sizes over all the
samples. BMd28 was, therefore, scored as a multi-locus
marker, BMd28a and BMd28b. Of the 67 microsatellite
markers applied to the whole study sample, two markers
were monomorphic, PVatct001 and PVBR173 (Table 1).
For the remaining 65 microsatellite markers, gene diver-
sity of individual microsatellites varied from 0.01
(PVatcc003) to 0.96 (PVat001), both gene-based microsat-
ellite markers. The number of alleles identiWed for each
microsatellite varied from 2 (genomic markers PVBR139,
PVBR215, and BM188, and gene-based markers
PVatcc003, BMd25 and BMd28a) to 37 (PVat001, a gene-
based marker). The mean number of alleles over all micro-
satellite loci was 7. Polymorphism information content varied
from 0.09 to 0.85, for the genomic marker AG1 and the
gene-based marker PVat007, respectively. The microsatel-
lite markers that presented the highest gene diversity
(higher than 0.8) were PVat001, PVat007 (both gene-based
markers), GATS91, PVBR163, BM143 and BM189 (all
genomic markers). These high diversity markers were
located on linkage groups 11, 9, 2, 1, 2 and 8, respectively.
The microsatellite markers that showed the lowest gene
diversity (lower than 0.3) were PVatct001, BM137,
PVBR173, PVatcc003, AG1, PVatcc002, BMd28a,
BMd12, BM146, PVBR139, BMd-25 and PVBR215,
located on linkage groups 4, 6, 3, 7, 3, 7, 5, 6, 1, 2, 8 and 6,
respectively. From these 12 lowest diverse markers, seven
were genomic and Wve were gene-based markers.
Mean gene diversity for genomic markers was 0.49,
while the average number of alleles for this type of markers
was 6.7. For gene-based markers, mean gene diversity and
average allele number were 0.46 and 6.3, respectively. The
mean gene diversity in the Brazilian sample was 0.48.
Polymorphisms among other markers
According to the assay of Kami et al. (1995), two types of
phaseolin were identiWed in the Brazilian sample, the “S”
and “T” types. Two hundred and twenty-two accessions
(79% of the sample) presented an ‘S’ phaseolin type (char-
acteristic of the Mesoamerican gene pool), while the other
59 accessions showed a ‘T’ phaseolin type (characteristic
of the Andean gene pool). No other phaseolin types, such as
the “C” or “H” types, which are observed in a small frac-
tion of common bean domesticated accessions elsewhere,
were present in this sample. This conWrmed earlier observa-
tions of Gepts et al. (1988) in the case of Brazil.
At the PvTFL1y gene locus, two alleles were identiWed
in the study sample: the 4.1 and the 1.3 kbp alleles. Thirty-
seven accessions showed the 4.1 kbp insertion at the
PvTFL1y locus, a molecular feature associated with the
determinate growth habit in P. vulgaris (Kwak et al. 2008;
M. Kwak and P. Gepts, unpublished results). Two hundred
and thirty-seven accessions presented the 1.3 kbp allele at
this locus, generally associated with the indeterminate
growth habit in common bean. Seven accessions could not
be scored for this marker, due to failure to ampliWcation.
We cannot determine whether the lack of ampliWcation in
this and other markers are due to the absence of the gene
(null allele) or a technical diYculty such as a deWcient
DNA extraction or failed PCR ampliWcation. At the APATheor Appl Genet (2010) 121:801–813 807
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gene locus, two alleles were identiWed: a single band allele
(48 accessions in the study sample) and a double band
allele (206 accessions). Twenty-seven accessions could not
be scored for this marker.
With regard to SCAR markers, a high percentage of
accessions within the Brazilian germplasm collection of
landraces presented the marker allele associated with resis-
tance for the respective diseases. Seventy-two percent of
the evaluated accessions showed the amplicon of the SF10
marker (linked to the Co-10 anthracnose resistance allele)
whereas 62% presented the amplicon of the SB12 marker
(linked to the Co-9 anthracnose resistance allele). Thirty-
four percent of the accessions presented the amplicon for
the SW13 marker, linked to the I gene, which confers resis-
tance to Bean Common Mosaic Virus. Seventy-seven per-
cent of the accessions showed no band for the ROC11
marker, which is linked to the bc-3 gene, also responsible
for resistance to Bean Common Mosaic Virus.
Mean gene diversity in the Brazilian sample considering
all the molecular markers together was 0.46 and mean
observed heterozygosity was 0.0052.
Identifying membership in the two major gene pools
Based on previous studies of genetic diversity of common
bean with diVerent types of markers, we hypothesized that
the Brazilian collection of common bean landraces is com-
posed of accessions of both Mesoamerican and Andean
gene pools and that there is a strong diVerentiation between
these two gene pools. Hence, a Structure analysis was con-
ducted for K = 2 to identify these two major gene pools in
the study sample (Fig. 2). Fifty-nine accessions were
grouped in cluster 1. This cluster included the control geno-
type Jalo EEP553. A total of 221 accessions were grouped
in cluster 2, including the BAT93 Mesoamerican control
accession. A single accession (labeled as 271; gene bank
identiWcation CF920002; “feijão de cores”; Supplementary
Table 1) was classiWed as a hybrid between these two major
groups, since it its posterior population membership coeY-
cient in the Mesoamerican gene pool was lower than the 0.8
threshold chosen.
Cluster 1 contained most of the accessions with a “T”
phaseolin type, characteristic of the Andean gene pool
(Table 2). Cluster 2 included most of the accessions with an
“S” phaseolin type, characteristic of the Mesoamerican
gene pool. Nevertheless, 6 of 59 accessions in cluster 1
showed a Mesoamerican, “S” phaseolin type and 6 of 221
accessions in cluster 2 showed an Andean, ‘T’ phaseolin,
which suggest introgression between the two gene pools.
The FST value for the Andean versus Mesoamerican sub-
division was estimated at 0.60. Considering all 75 molecu-
lar markers, gene diversity for the Mesoamerican group of
accessions was 0.33, while gene diversity of the Andean
group was 0.30.
Further deWnition of the organization of genetic diversity
Table 3 summarizes some parameters for the Structure sim-
ulations performed for each preset K value (from K =2  t o
10). Mean likelihoods for the simulations increased with
higher preset K values. The diVerences in the likelihoods
among successive preset Ks were signiWcant based on a
Wilcoxon two-sample test. Delta K, an ad hoc statistic that
has been recommended to help the identiWcation of the
best-Wtting number of populations within a sample (Evanno
et al. 2005), was highest at K =2  ( T a b l e3). Furthermore,
the standard deviations of likelihoods were smallest at
K = 3 and largest at K = 4. The standard deviations of the
likelihoods were also larger at higher Ks (K = 8 and 9)
(Table 3). The aspect of consistency among diVerent simu-
lations within each preset K can also be visualized through
the similarity coeYcient between diVerent runs for each
Fig. 2 Structure bar plot of membership coeYcients for all the acces-
sions of common bean in the study sample sorted in the same order and
classiWed according to successive selected preset K values ranging
from 2 to 10. For K =2  a n d  K = 5, the groups are identiWed. G2 and
G4: groups 2 and 4, respectively. Hybrid represents a large group of
accessions resulting from hybridization mostly among Mesoamerican
groups
Table 2 Estimate of the number hybrid accessions between the
Andean and Mesoamerican gene pools based on phaseolin and
Structure analyses
a Based on the tandem repeat test of Kami et al. (1995)
b Based on a posterior membership coeYcient threshold of 0.80 deter-
mined by the Structure 2.1 software (Pritchard et al. 2000)
Status Andean Mesoamerican
Phaseolin analysisa
Non-hybrid 53 216
Hybrid 6 6
Structure analysisb
Non-hybrid 58 221
Hybrid 1 1808 Theor Appl Genet (2010) 121:801–813
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preset K according to Nordborg et al. (2005) (Table 3). At
K = 2 and 3, the similarity coeYcients among diVerent sim-
ulations were almost 1 and the standard deviations for these
coeYcients among diVerent simulations were very low. At
K = 4, the mean similarity coeYcient dropped to 0.62, and
the standard deviation was 0.26. At K = 5, the mean
similarity coeYcient was 0.70 (higher than for preset K =4 )
and the standard deviation was 0.24. The mean similarity
coeYcients among diVerent simulations decreased for K
larger than 5.
The separation of Andean and Mesoamerican groups
was conWrmed in all the diVerent Structure simulations at
preset K values >2. Figure 2 showed that the presumably
Andean group (yellow group or cluster 1 for preset K =2 )
was always preserved as the same separate cluster (yellow
color) and without signiWcant evidence of admixture with
other groups, in all the diVerent Structure simulations with
preset Ks ranging from 2 to 10. The Structure bar graphics
also provide information on the level of admixture in the
study sample. At K = 2, assuming that posterior member-
ship coeYcients between 0.50 and 0.80 may indicate
hybridity, only one introgressant in each direction could be
observed (Table 2). A Chi-squared test shows no signiWcant
diVerences in the number of introgressants as assessed by
the phaseolin and Structure tests (2 =0 . 0 6<7 . 8 2 ,
P = 0.05 with 3 degrees of freedom). At K = 3, there was a
large number of accessions that fell into a hybrid classiWca-
tion between the two clusters inside the Mesoamerican
group. The number of accessions in this presumed hybrid
group was 61. Accession BAT93, a breeding line resulting
from a four-way cross, was a member of this presumed
Mesoamerican hybrid group (Fig. 2). At higher preset Ks,
larger numbers of individuals were classiWed as hybrids.
Those hybrids always resulted from hybridizations between
diVerent subgroups within the presumably Mesoamerican
group but not with the Andean group. At K = 5, there was a
minor peak for the Delta K. For this number of sub-popula-
tions, two Mesoamerican groups observed at K =3  w e r e
each subdivided into two sub-groups. The light brown
group of K = 3 was divided into groups 2 and 5, whereas
the dark-brown group of K = 3 was divided into groups 3
and 4 at K =5  ( F i g .2). While there is no obvious explana-
tion for this split at this stage, morpho-agronomic or adap-
tation data could provide an explanation, pending further
analyses.
Neighbor-joining diversity analysis
Relationships among accessions were also visualized by a
neighbor-joining (NJ) tree based on all 73 polymorphic
molecular markers (Fig. 3). In order to compare the results
of this diversity analysis with the assignment of individuals
to groups using the Structure software, the branches of the
tree were colored according to Structure simulations for
preset K = 3 (same colors as the Structure bar plot of mem-
bership coeYcients for K =3  i n  F i g .3).
Table 3 Mean likelihoods of models and their standard deviations,
Delta K for simulations for diVerent K values, mean similarity coeY-
cients and their standard deviations for diVerent Structure simulations
within each preset K
a 20 iterations for each K level
b Similarity coeYcients between diVerent runs (20) within each preset
K, according to Nordborg et al. (2005)
c A diVerent set of Structure simulations was run for the estimation of
Delta K for K = 2; these simulations used the same parameters (admix-
ture model, correlated allele frequencies, running length of 5,000 burn-
in and 50,000 MCMC repetitions)
K Ln P (D)a Delta K Similarity coeYcientb
Mean Standard 
deviation
Mean Standard 
deviation
2 ¡25559.83c 62.91 208.16c 1.00 0.00030
3 ¡23300.03 23.07 89.66 0.99 0.00098
4 ¡23108.59 1515.67 0.86 0.62 0.26332
5 ¡21603.28 283.127 2.96 0.70 0.23525
6 ¡20944.23 133.70 1.86 0.60 0.26913
7 ¡20534.81 299.00 0.666 0.51 0.18273
8 ¡20323.73 400.98 0.56 0.4 0.17342
9 ¡19908.24 407.93 0.06 0.36 0.17416
10 ¡19520.35 207.81 NA 0.43 0.16021
Fig. 3 Neighbor-joining tree reconstructed for the Brazilian germ-
plasm collection of landraces based on the C.S. Chord distances and all
73 polymorphic molecular markers. Branches are colored according to
the Structure simulation for K = 3. 271: hybrid accession identiWed at
K = 2 (posterior probability < 0.80); gray branches hybrid accessions
identiWed at K =3  ( s e e  F i g .2 and text)Theor Appl Genet (2010) 121:801–813 809
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The presumably Andean gene pool identiWed with Struc-
ture constituted a separated single cluster with exactly the
same 59 accessions in the NJ tree (yellow cluster in Figs. 2,
3). The accession labeled as 271, which was the only acces-
sion identiWed as a potential hybrid when Structure simula-
tions were preset to K = 2 (and is, therefore, a potential
hybrid between the Andean and Mesoamerican gene pools),
also clustered closer to the presumably Andean gene pool
than any other accession not identiWed as a member of the
Andean gene pool group.
The two groups identiWed within the presumably Meso-
american group when Structure was preset to K =3  ( g r o u p s
2 and 3) clustered predominantly separated in the NJ tree
(Fig. 3). Just a single accession from group 2 clustered with
accessions from group 3, while four accessions from group
3 clustered with accessions from group 2. The accessions
classiWed with Structure simulations as hybrid between the
two Mesoamerican groups were spread throughout the
Mesoamerican cluster in the NJ tree, not just between
groups 2 and 3, but also within each one of these groups.
Genome-wide MAs
When the entire study sample was analyzed for genome-
wide MAs, a large fraction (80%) of loci pairs presented
signiWcant LD (Table 4). MAs were not restricted to pairs
of markers located in the same linkage group, but also
occurred between markers mapped on diVerent linkage
groups. For the loci pairs that presented signiWcant LD, D
ranged from 0.16 to 1, with a 0.64 mean, and r2 ranged
from 0.003 to 0.92, with a 0.17 mean.
A genome-wide analysis of separate Andean and Meso-
american sub-populations, resulted in signiWcantly reduced
MA when compared to the MA observed in the whole sam-
ple (Table 4). MA in the Andean group (measured as the
percentage of marker pairs in disequilibrium) involved just
8% of loci pairs. In the Mesoamerican group, 23% of loci
pairs showed a signiWcant MA; they had D values ranging
from 0.09 to 1, with a 0.44 mean. For these same loci r2
ranged from 0.002 to 1, with a 0.05 mean. In the Andean
group, the loci pairs that presented signiWcant LD had D
values ranging from 0.20 to 1, with a 0.68 mean, and r2
values ranging from 0.015 to 1, with a 0.16 mean.
To examine whether MA existed primarily within chro-
mosomes, MA relationships were analyzed in a subset of
48 Simple Sequence repeats (SSRs) with known map loca-
tions within the 11 linkage groups (Fig. 4). Statistically sig-
niWcant associations (P < 0.01; experiment-wise) were
observed in 966 locus pairs (out of 1,035). Seventy-seven
of these signiWcant interactions were among loci located on
the same chromosome; 889 involved loci on diVerent chro-
mosomes. Among the 69 non-signiWcant interactions, 5
were on the same chromosome and 64 on diVerent chromo-
somes. The proportion of signiWcant versus non-signiWcant
interactions was the same among loci on the same or diVer-
ent chromosome (Chi-squared test: 2 = 0.99, 1 df
(0.25 < P < 0.50). Thus, statistically signiWcant MA does
not only occur among loci on the same chromosome but
also occur in similar proportions among loci within and
across chromosomes. Within linkage groups there was no
Table 4 Counts for comparisons between pair of loci according to
signiWcance (P < 0.01) for genome-wide linkage disequilibrium test in
the whole study sample and in Mesoamerican and Andean groups
separately
Whole study 
sample
Mesoamerican 
group
Andean 
group
Counts % Counts % Counts %
In LD (P < 0.01) 1,337 80 360 23 96 8
No. of comparisons
evaluated
1,676 1,568 1,166
Fig. 4 Magnitude of multilocus associations as measured by r2 (a)
and D (b) among Brazilian landraces. The abscissa represents the
genetic distance expressed in cM for locus pairs within linkage groups
(LG). Along the same axis, “Across LG” represents the r2 and D
values for locus pairs distributed among linkage groups810 Theor Appl Genet (2010) 121:801–813
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strong relationship between genetic distance and MA inten-
sity (Fig. 4).
Discussion
Our analysis of the Brazilian common bean landraces
reveals several features of this germplasm. First, we con-
Wrm that the two major gene pools of domesticated com-
mon bean are present in the country, conWrming earlier
studies (Gepts et al. 1988; Pereira and Souza 1992). This
study, however, shows clearly that the Mesoamerican gene
pool represents a large majority of the country’s bean land-
races. This may be surprising given the closer proximity of
the Andes compared to Mesoamerica. This predominance
of the latter gene pool may be due to multiple introductions
of Mesoamerican germplasm, in pre- and post-conquest
times (Gepts et al. 1988). Similarities in climate and soil
between Brazil and the Mesoamerican area may help
explain the wide distribution of Mesoamerican bean germ-
plasm in that country.
Second, the distinctness of the Andean and Mesoamerican
domesticated gene pools is maintained in Brazil, in spite of
the close geographic interspersion of the two gene pools
(M. Burle and P. Gepts, unpublished data). In the center of
origin of common bean, which stretches from northern
Mexico to northwestern Argentina, two major gene pools
are generally recognized, corresponding to two geographi-
cally separate domestications, in the southern Andes and
Mexico, respectively. The two domesticated gene pools
resulting from these domestications are generally geo-
graphically isolated, although exceptions exist such as in
Colombia, where the two gene pools meet (Gepts and Bliss
1986). Thus, under these circumstances, there are limited
possibilities for reciprocal introgression between these gene
pools. Furthermore, this isolation could be reinforced by
biological reproductive isolation, namely F1 hybrid lethal-
ity conditioned by two complementary semi-dominant
genes in the F1 and recessive genes in later generations
(Shii et al. 1980; Gepts and Bliss 1985; Koinange and
Gepts 1992; Singh and Molina 1996).
In Brazil, geographic isolation cannot be invoked to
account for the continued distinctness of the two gene
pools. An alternative cause may be a high frequency of
inter-gene pool reproductive isolation (Gepts and Bliss
1985; Singh and Molina 1996). Such isolation has been
documented in wild (Koinange and Gepts 1992) as domes-
ticated (Gepts and Bliss 1985) accessions. In the domesti-
cated gene pool, the lethality genes may be more
widespread in races Nueva Granada in the Andean gene
pool and Mesoamerica in the Mesoamerican gene pool,
which are precisely the main races represented mainly in
Brazil. A similar distinctiveness between Andean and
Mesoamerican has been observed in Kenya and Ethiopia
(Asfaw et al. 2009).
Third, the division between Andean and Mesoamerican
cultivars leads to signiWcant MAs as measured by LD, irre-
spective of whether loci are linked or not. This conWrms
observations made earlier by Kwak and Gepts (2009) in a
sample of 349 accessions, including 100 wild and 249
domesticated accessions representing the primary center of
origin in the Americas. In their results, 96% of tested locus
pairs showed a departure from random association, com-
pared to 80% in the present study, when the entire sample
was considered. Conducting the same analysis on the
Andean and Mesoamerican subsamples lead to a reduction
of the proportion of locus pairs in LD to 68 and 75% in the
Andean and Mesoamerican subsamples, respectively
(Kwak and Gepts 2009). In the current study, LD decreased
more strongly, to 8 and 23%, respectively. DiVerences in
the levels of LD may be due to diVerences in the sample
analyzed. The current sample did not contain wild P. vulga-
ris as wild beans have never been reported from the Brazil-
ian territory (Freytag and Debouck 2002). Wild bean
populations show a higher level of population diVerentia-
tion, as shown by measures of both spatial autocorrelation
(Papa and Gepts 2003) and inter-population genetic diver-
sity (GST; Zizumbo-Villarreal et al. 2005). Clearly, any
association analysis will have to be conducted within the
two major gene pools, instead of across the entire P. vulgaris
species. An MA analysis based solely on mapped markers
revealed that signiWcant MAs do not occur only or even
predominantly within linkage groups, but occurs in similar
proportion both within and across linkage groups. The
prevalence of MAs has been observed before by Kwak and
Gepts (2009) and Rossi et al. (2009). It has important con-
sequences for bean breeding as it suggests that epistatic
interactions may play an important role in the expression of
agronomic traits. Johnson and Gepts (2002) observed that
digenic QTLs had magnitudes similar to independently act-
ing QTLs in the control of seed yield, biological and seed
yield per day, and harvest index. Thus, our observations are
consistent with these earlier results. The lack of relationship
between the magnitude of MA within linkage group in con-
trast to LD measurements could be attributed to diVerences
in scale. In this study, the average genetic distance between
locus pairs within chromosome was about 55 cM, well
above the usual distances used in LD studies around
speciWc genes; the latter range from several hundreds to
thousands of base pairs. Fourth, the overall level of genetic
diversity observed in this sample of Brazilian bean
landraces—mean gene diversity of 0.48—is intermediate
compared to other estimates of microsatellite diversity in
common bean. Kwak and Gepts (2009) observed a gene
diversity of 0.63 for domesticated entries in their sample,
compared to 0.47 in the current study. Blair et al. (2006)Theor Appl Genet (2010) 121:801–813 811
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observed a similar value (0.64) in their sample, which
included only domesticated accessions. Thus, dissemina-
tion from the center of origins and domestication has, as
expected, led to a reduction in genetic diversity.
In the present study, the diVerences in diversity between
the diVerent types of microsatellite markers—genomic mark-
ers being more diverse, whereas gene-based markers being
less diverse—were not as strong as the diVerences observed
by Blair et al. (2006) in common bean. In our study, the two
groups of microsatellite markers with either the lowest or
highest diversity included both genomic and gene-based
markers. Nevertheless, genomic markers detected a slightly
higher gene diversity and average allele numbers when com-
pared to gene-based markers. The diVerences for averages
between these types of markers in the present study were
similar to those identiWed by Díaz and Blair (2006).
Fifth, a striking feature of the Mesoamerican gene pool
in Brazilian bean landraces was the high frequency of
accessions of hybrid origin. At K = 3 in the Structure analy-
sis, the Mesoamerican gene pool consisted of two “pure”
(posterior membership probability over 0.80) groups as
well as a group of accessions that resulted from hybridiza-
tion between these two groups (Fig. 2). At higher K values,
this hybrid group was maintained or expanded 9 (data not
shown). The signiWcance of this hybrid group remains to be
determined. However, the frequency of these hybrid acces-
sions is much higher compared to that in the primary diver-
siWcation center (Mesoamerican, Central America, and
northern South America) (Kwak and Gepts 2009). Morpho-
logical analyses are under way to determine diVerences
among these groups, if any. Likewise, correlations between
membership in the diVerent groups identiWed in the Struc-
ture and NG analyses are being determined to better under-
stand the nature of this subdivision.
Sixth, for the SCAR markers linked to disease-resistance
genes tested in our sample, the frequency of accessions that
presented the molecular marker (or ampliWcation product)
ranged from 34 to 77% of the accessions. SCAR markers
have been used routinely in diVerent common bean breed-
ing programs for marker-assisted selection, aimed at dis-
ease resistance (Young et al. 1998; Broughton et al. 2003;
Ragagnin et al. 2005). However, the presence of the marker
does not guarantee the presence of the corresponding
tagged genes. Recombination may have separated the gene
and the marker. Johnson et al. (1997) reported a distance of
0.0 § 7.5 cM between the ROC11 marker and bc-3 gene.
Haley et al. (1994) reported distances between the SW13
SCAR and the I gene of 1.0 § 0.7, 1.3 § 0.8, and
5.0 § 2.2 cM, in diVerent genetic backgrounds. SCAR
marker SB12 is located at a distance of 2.9 cM (Mendez de
Vigo et al. 2002). According to Corrêa et al. (2000), SCAR
marker SF12 is located at 6.0 § 1.3 cM of the correspond-
ing resistance gene. Thus, with the exception of the ROC11
marker, there is a possibility of recombination. Further-
more, even when the resistance gene is present, it is also
possible that the gene will not be active against local
strains. A more comprehensive Weld evaluation is therefore
needed to assess the presence of actual resistance genes.
As for the PvTFL1y locus, 86% of the accessions in the
Brazilian sample showed the 1.3 kbp haplotype associated
with an indeterminate growth habit (Kwak et al. 2008;
M. Kwak and P. Gepts, unpublished results). The 4.1 kbp
insertion, correlated with a determinate growth habit, was
more frequent in the Andean group (31% of accessions) than
in the Mesoamerican group (9%). These results are in agree-
ment with Koinange et al. (1996), who argued that determi-
nate common bean genotypes would have been favored in
the Andean domestication region, because in this region the
crop may have been domesticated without maize as a physi-
cal support.
This study provides a Wrst comprehensive picture of the
diversity and structure in a geographically broadly repre-
sentative collection of common bean landraces from Brazil.
The assessment of genetic diversity and structure obtained
in the present study are, probably, at least of medium
robustness, considering the relatively high number of mark-
ers used for this estimation, with markers spread over all
linkage groups of the species. As a basis of comparison,
other recent studies assessing genetic diversity of crop
plants (with or without their wild relatives) with microsatel-
lites used the following samples: Semon et al. (2005) in
Oryza glaberrima: 198 accessions, 93 SSRs; Vigouroux
et al. (2008) in Zea mays subsp. Mays: 964 plants, 96 SSRs;
and Orabi et al. (2009) in Hordeum vulgare: 185 acces-
sions, 36 SSRs. This collection of common bean landraces
presented intermediate diversity, when compared to the
complete gene pool of common bean or other common
bean collections. However, the importance of this collec-
tion should not be neglected. The high frequencies of
SCARs molecular phenotypes related to disease resistance
observed in this study sample suggest further research into
the rusticity of the accessions of this collection. Our study
also conWrmed the very high degree of structure in the
domesticated common bean gene pool in Brazil. Andean
and Mesoamerican groups could be clearly distinguished;
they showed low levels of admixture. The high degree of
genome-wide MA among the molecular markers identiWed
in this study conWrmed the high levels of structure, and
emphasizes the importance of recognizing these distinct
gene pools for upcoming studies, such as association map-
ping. The high frequency of MA is also consistent with the
high frequency of epistatic interactions observed by
Johnson and Gepts (2002). The further subdivision of the
Brazilian sample in higher number of sub-populations
deserves more investigation, by integrating other kinds of
data, such as morphological and agronomic information as812 Theor Appl Genet (2010) 121:801–813
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well as environmental information on local climate, vegeta-
tion, and soils.
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